Background: In many cell types, including neutrophils and HL60 cells, there is an absolute requirement for a GTP-dependent step to elicit Ca 2+ -regulated secretion. Neutrophils and HL60 cells secrete lysosomal enzymes from azurophilic granules; this secretion is inhibited by 1 % ethanol, indicating that phosphatidate (PA) produced by phospholipase D (PLD) activity may be involved. PLD can use primary alcohols in preference to water during the hydrolytic step, generating the corresponding phosphatidylalcohol instead of PA, its normal product. As ARF (ADP-ribosylation factor) proteins regulate PLD activity and are implicated in constitutive vesicular traffic, we have investigated whether ARF is also required for GTP-dependent secretion in HL60 cells.
Background
Cell permeabilization techniques have yielded much information on the mechanisms and requirements for regulated exocytosis. In some cell types, including neurons and adrenal chromaffin cells, exocytosis is activated by micromolar calcium alone (with a requirement for millimolar levels of MgATP). In contrast, other cell types require a GTP-dependent step to elicit Ca 2+ -regulated secretion; examples include neutrophils and the related cell line, HL60 cells [1, 2] , mast cells [3] , islet cells [4] , platelets [5] , eosinophils [6] and gastric chief cells [7] .
Extensive cell permeabilization leads to the loss of cytosolic proteins, and this loss is accompanied by a run-down of the ability of the cell to secrete in response to Ca 2+ . Secretion can be restored to cytosol-depleted cells by the readdition of cytosolic proteins -supporting the notion that regulated exocytosis is dependent on such proteins. Several proteins have now been identified that stimulate Ca 2+ -dependent exocytosis from permeabilized adrenal chromaffin cells and PC12 cells. These proteins include annexin II, 14-3-3 proteins, calmodulin, phosphatidylinositol transfer protein (PITP), phosphatidylinositol-4-phosphate 5-kinase (PI4P 5-kinase), protein kinase A and ␣-SNAP [8] [9] [10] [11] . The actions of PITP and PI4P 5-kinase are synergistic, and it was suggested that the role of these proteins was in sequential phosphoinositide phosphorylation [10] . Lipid kinasemediated phosphorylation also provided a rationale for the ATP requirement for Ca 2+ -dependent secretion.
Some proteins identified as components of the exocytotic pathway are more likely to be involved in regulation rather than being essential for the fusion machinery. In regulated exocytosis, granules are pre-formed and only fuse with the plasma membrane when second messenger(s) are created after cell activation by agonist-receptor interactions. There has been considerable progress with the identification of the protein-protein interactions involved in vesicular targeting, docking and fusion in the constitutive intracellular transport processes and neurotransmitter secretion. Both membrane-bound and cytosolic proteins -such as synaptobrevin, synaptotagmin, SNAP-25, NSF and SNAPS -have been identified as components for Ca 2+ -dependent neurotransmitter release [12] .
GTP-binding proteins and exocytosis
Studies of permeabilized neutrophils and mast cells have established that, in addition to Ca 2+ , GTP-binding proteins (G proteins) are crucial elements in their control of regulated exocytosis [1] [2] [3] . From studies in mast cells, candidate G proteins have been proposed: G i3 , a heterotrimeric G protein [13] , and Rho and Rac proteins [14] . The signalling pathways controlled by these G proteins was not explored in these studies.
Our studies of neutrophils and HL60 cells have implicated a role for phospholipase D (PLD) in exocytosis [15, 16] . PLD hydrolyzes membrane lipids to produce phosphatidic acid (PA) within seconds of receptor activation, with a timecourse that correlates with secretion from azurophilic granules [15] . Neutrophils and HL60 cells secrete lysosomal enzymes from azurophilic granules, and this secretion is inhibited by 1 % ethanol [16] . PLD can use primary alcohols in preference to water during the hydrolytic step, generating the corresponding phosphatidylalcohol instead of PA. In our opinion, this inhibitory effect of ethanol indicates that the PA produced by PLD activity is involved in secretion.
The small, myristoylated G proteins of the ARF (ADPribosylation factor) family (of relative molecular mass (Mr) 21 000) are established regulators of PLD activity [17, 18] and are related by sequence homology to both the Ras superfamiliy and to the heterotrimeric G protein ␣-subunits. Members of the ARF family are highly conserved through evolution and are present in organisms from yeast to human; six mammalian and two yeast ARF proteins have been identified. The ARFs were first characterized by their ability to activate the cholera toxin-mediated Progressive loss of GTP␥S-stimulated enzyme secretion and PLD activity is associated with depletion of ARF proteins as the time of permeabilization with streptolysin O is increased prior to activation with GTP␥S plus Ca 2+ . [ 3 H]choline-labelled HL60 cells (10 7 cells ml -1 ) were permeabilized with 0.4 i.u. streptolysin O and, at timed intervals, 50l aliquots transferred to tubes containing GTP␥S (10 M), Ca 2+ (pCa 5), MgATP (1 mM final) and MgCl 2 (2 mM). The cells were incubated for 10 min at 37°C, transferred to ice and centrifuged. The supernatant was assayed for (a) secretion of hexosaminidase and (b) release of [ 3 H]choline from the same cell preparation. The X-axis indicates the duration of permeabilization before stimulation with GTP␥S. (c) 8ml of HL60 cells (2.4 x 10 7 cells ml -1 ) were permeabilized as above and 1 ml aliquots removed and centrifuged. The proteins in the supernatants were precipitated with 10 % TCA and redissolved in sample buffer. Equivalents of 10 6 cells per lane were run on a 14% SDS-PAGE gel, blotted and probed with anti-ARF antibodies. ADP-ribosylation of the ␣-subunit of the heterotrimeric protein, G s [19] . A central role for ARF in constitutive secretion has been established where ARF participates in the budding of vesicles [20] . A notable feature of this process is that the non-hydrolyzable GTP analogue GTP␥S, is a strong inhibitor of the fusion of the budding vesicles to target membranes. In the study reported here, we investigate whether ARF is required for GTP␥S-regulated secretion, a fusion of pre-formed azurophilic granules with plasma membranes, in HL60 cells. We show that ARF can restore secretory competence (and PLD activity) in cytosol-depleted cells. A second cytosolic protein, PITP, was also found to restore GTP␥Sstimulated secretion. A common mechanism whereby these two proteins may restore secretory competence is suggested.
Results and discussion
Addition of GTP␥S plus Ca 2+ to HL60 cells in the presence of streptolysin O results in secretion [2] , and this is accompanied by increased PLD activity [16] . (Streptolysin O permeabilizes the plasma membrane, allowing free exchange of cytosolic proteins.) If the period of permeabilization before stimulation were increased to allow cytosolic proteins -including ARF (Fig. 1c) , lactate dehydrogenase [2] and PITP [21] -to diffuse out of the cells, the ability of Ca 2+ plus GTP␥S to elicit secretion (Fig. 1a) and PLD activity (Fig. 1b) was greatly diminished. The majority of ARF proteins leaked out of the cells within 5-10 minutes (Fig. 1c) . In contrast, the majority of Rho proteins remained cell-associated after 10 minutes of cell permeabilization (data not shown). A residual stimulation of secretion and PLD activity by GTP␥S was apparent even after 20 minutes of permeabilization (Fig. 1a,b) , which could be due to the presence of Rho, another activator of PLD activity [22, 23] and secretion [14] .
Column fractions from the penultimate step (gel filtration) of our ARF purification protocol [17] were screened for restoration of secretion, and were compared with restoration of PLD activity (Fig. 2a) . (Two ARF proteins co-purified at this stage: ARF1, which comprised 90 % of the protein, and the remainder was ARF3 [17] .) The column fractions containing ARF proteins restored secretory competence as well as PLD activity. It was noted that the curve for secretion did not always exactly match the curve for PLD activity. The major contaminant in the active fractions was the 35 kDa PITP (Fig. 2b) , identified previously as a cofactor required for phospholipase C (PLC)-mediated signalling [21, 24, 25] . The presence of PITP was also confirmed by measuring its transfer activity in vitro (see inset, Fig. 2a) , and by immunoblotting with anti-PITP antibodies (data not shown). PITP eluted slightly earlier than ARF on gel filtration.
It has been reported that PITP acts as a priming factor for Ca 2+ -dependent exocytosis from chromaffin cells [8] . We (c) ARF and PITP were purified to homogeneity as described [17, 24] . Restoration of secretion was monitored as above, except that Ca 2+ was present at pCa 5 or 7 and the column fractions were replaced with the purified proteins. Concentration of ARF was 42.5 g ml -1 and of PITP was 14 g ml -1 . therefore investigated the effect of PITP and ARF proteins both separately and in combination. ARF proteins were separated from PITP␣ by chromatography on phenyl-superose exactly as described previously from bovine brain cytosol [17, 24] ; purity of the proteins was assessed by SDS-polyacrylamide gel electrophoresis (PAGE). Both ARF and PITP␣ were effective individually at restoring secretion (Fig. 2c) , and this effect was strictly dependent on the presence of GTP␥S. Recombinant non-myristoylated ARF1 (rARF1) was also effective at restoring secretion (Fig. 3a) , although higher concentrations were required compared with myristoylated ARF1 (compare Fig. 2c and Fig. 3a) . Two isoforms of mammalian PITP (␣ and ␤) have been identified [26, 27] ; both were expressed as recombinant proteins (rPITP␣ and rPITP␤) and were shown to restore secretion (Fig. 4b,c) , although rPITP␤ was active at lower concentrations compared with rPITP␣.
The relationship between ARF and PITP on secretory function was tested. When a maximal concentration of ARF was used, no further increase in secretion was observed with PITP ( Fig. 4d) . When a lower concentration of ARF was used, PITP increased the secretory response. This increase was similar to that seen with an optimal concentration of ARF ( Fig. 2c and Fig. 4d ). In the reconstitution system studied here, the maximal secretion that was observed with ARF or PITP was in the range of 20- We examined the levels of ARF and PITP in HL60 cells to determine whether they were compatible with the concentrations added exogenously to restore secretory competence. The amount of PITP present in HL60 cells was estimated to be about 100-300 g ml -1 (A. Ball and S.C., unpublished observations). With ARF proteins, we have previously estimated, by partial purification from HL60 cytosol and assay of GTP␥S-binding, that the amount of native ARF used in the experiments for PLD activation represented no more than 20 % of the ARF originally present in HL60 cells [17] . As the concentration dependence for PLD activation and secretion was identical, HL60 cells contained sufficient native ARF proteins.
As both ARF and PITP were able to restore secretory function, and the responses were additive at lower concentrations, they may work through a common mechanism.
PITP functions by promoting the synthesis of phosphatidylinositol bisphosphate (PIP 2 ) [10, 21, 25] . PA stimulates PIP 2 synthesis by activating the type I PI4P 5-kinase [28] ; ARF therefore has the potential to promote PIP 2 synthesis by stimulating the activity of PLD and producing PA. We examined the characteristics of ARF-regulated PLD activity and secretion to investigate whether the two events were independently regulated by ARF or were sequentially linked. Restoration of secretion and of PLD activity showed a similar dependence on ARF (Fig. 3a,b) and Ca 2+ (Fig. 3c,d ). The Ca 2+ -requirement for GTP␥S-triggered secretion can be reduced to negligible levels provided that the intact HL60 cells are pretreated with phorbol myristate acetate (PMA) for 5 minutes [2] . To examine whether rARF1 could also restore the Ca 2+ -independent component of secretion, HL60 cells were pretreated with PMA for 5 minutes, permeabilized with streptolysin O and examined for restoration of secretion with rARF1 in the presence of 3 mM EGTA; rARF1 restored the Ca 2+ -independent component of secretion. (Fig. 3e) . The effect of PMA pretreatment was identical for ARF1-restored PLD activity -it reduced the requirement for Ca 2+ (Fig. 3f) . Ethanol, which interferes with the production of PA, was effective at inhibiting ARF-dependent secretion but not PITP-dependent reactions (data not shown).
To investigate whether synthesis of PIP 2 was responsible for the observed effects of ARF (and PITP) on secretion, we examined the influence of PIP 2 -binding molecules on the secretory response to ARF. Neomycin, which binds to PIP 2 with high affinity [29] , inhibited the restoration of secretion with ARF or PITP, as well as that stimulated with GTP␥S only (Fig. 5a ). As some pleckstrin homology (PH) domains have been shown to bind PIP 2 [30] , we used the PH domain of PLC␦ (which has recently been shown to bind with high affinity to PIP 2 in membranes [31, 32] ) as an inhibitor; 50 % inhibition of restored secretion was observed with 50 g ml -1 of the PH domain, and near complete inhibition was seen with 200 g ml -1 (Fig.  5c,d ). Although these data are consistent with the premise that PIP 2 may be required for secretion, they do not provide rigorous proof given that these inhibitors are not completely specific in their actions. However, two separate reagents that are as different as neomycin (an aminoglycoside of less that 1 kDa) and a protein (175 amino acids; 20 kDa) that both sequester PIP 2 are unlikely to have identical non-specific effects.
PIP 2 is a substrate for PLC and we therefore tested the prediction that ARF may substitute for PITP in restoring G-protein-stimulated PLC␤ activity [24] . ARF stimulated an increase in inositol tris phosphate (IP 3 ) levels, although it was poor compared with PITP (Fig. 5b) . Stimulation of IP 3 production by ARF was dependent on Ca 2+ , in a manner similar to that for ARF-stimulated PLD activity. It is not altogether surprising that ARF is poor at substituting for PITP as it lacks the ability to bind inositol lipids and therefore would lack the cofactor activity proposed for PITP [21] .
Synthesis of PIP 2 is dependent on MgATP, and a requirement for MgATP was examined for both rARF1-restored secretion and PLD activity; secretion showed a greater dependence on MgATP compared with PLD activity (Fig.  6 ). The absolute dependence on MgATP of secretion is in contrast to the requirement for PLD activity, in that some PLD activity could be observed in its absence; MgATP did enhance PLD activity, however. This result suggests that PLD activation per se was insufficient to trigger secretion, and that other intervening MgATP-dependent reactions are required for the secretory response. Finally, we tested whether ARF stimulated PIP 2 synthesis, as shown previously for PITP [21] ; ARF stimulated PIP 2 synthesis to levels similar to those stimulated by PITP (Fig. 7) The established role of ARF is its requirement for the budding of coated vesicles [20] . Uncoating of vesicles is dependent on GTP hydrolysis; in the presence of GTP␥S, the fusion of newly-formed vesicles with target membranes is therefore arrested [33] . PITP is also involved in secretory vesicle formation [34] . Here, we show that ARF1 and PITP promote secretion from pre-formed granules in the presence of GTP␥S. The ability of PITP to participate in this process is similar to that seen for Ca 2+ -dependent secretion from PC12 cells [8, 10] . PITP functions by promoting the synthesis of PIP 2 [10, 21] . In the case of the HL60 cells, however, PITP-driven PIP 2 synthesis is dependent on an unidentified G protein [21, 35] , explaining the requirement for GTP␥S. An alternative mechanism to stimulate PIP 2 synthesis would be through stimulation of PI4P 5-kinase by PA, the product of ARF-regulated PLD activity. The function of PIP 2 in exocytosis could be through interactions with proteins containing PH domains [30] and/or cytoskeletal proteins [36] . Figure 8 summarizes the proposed mechanism of ARF and PITP in stimulating exocytosis.
Conclusions
In HL60 granulocytes, ARF and PITP act as the rate-limiting cytosolic factors for the restoration of GTP␥Sstimulated secretion. Secretion stimulated by ARF was accompanied by PLD activity; although the data do not prove that the effects of ARF on secretion are a consequence of PLD activity, there is nonetheless a good correlation. PITP has been shown previously to participate in PIP 2 production [21, 25] as does PA, the product of PLD activity [28] . The available data therefore point to PIP 2 synthesis as a common mechanism (Fig. 8) . Recent studies in mast cells have shown that Rac and Rho restore secretory function [14] , and the Rho family of GTPases are known to associate and regulate phosphoinositide kinases [37, 38] . Hence, the data presented here are convergent with the growing body of evidence indicating an important general role of phosphoinositides in vesicular traffic [10, 39] .
Materials and methods

Assay for secretion and PLD activity from permeabilized HL60 cells
HL60 cells were grown in the presence of [ 3 H]methylcholine for 48 h [17] , washed in a PIPES buffer containing 20 mM PIPES, 137 mM NaCl, 3 mM KCl, 0.1 mg ml -1 bovine serum albumin, 1 mg ml -1 glucose, pH 6.8, and permeabilized with 0.4 i.u. ml -1 streptolysin O in the presence of 100 nM Ca 2+ (pCa 7 buffered with 100 M EGTA). At the indicated times, the cells (50 l) were transferred to tubes containing an equal volume of Ca 2+ (pCa 5 buffered with 3 mM EGTA), GTP␥S (10 µM final), MgATP (1 mM final) and MgCl 2 (2 mM). The cells were incubated for 10 min at 37°C, transferred to ice and centrifuged. Secretion of hexosaminidase and [ 3 H]choline were monitored from the same cell preparation as described [16, 17] . Total hexosaminidase (100 %) was measured by lysing the cells with Triton X100 and the secreted enzyme was expressed as a percentage of the total. To assay for released ARF proteins in the supernatant, HL60 cells were permeabilized for varying lengths of time and the medium tested for the ARF proteins by immunoblotting. 8 ml HL60 cells (2.4 x 10 7 cells ml -1 ) were permeabilized as above and 1 ml aliquots removed and centrifuged. The proteins in the supernatants were precipitated with 10 % TCA and redissolved in sample buffer. Equivalents of 10 6 cells per lane were run on a 14 % SDS-PAGE gel, blotted and probed with anti-ARF antibodies.
Restoration of secretion and PLD activity was monitored in [ 3 H]cholinelabelled HL60 cells depleted of cytosolic proteins for 10 min with streptolysin O (0.4 i.u ml -1 ) in the presence of pCa 7. After permeabilization, the cells were washed and resuspended in PIPES buffer and 25 l aliquots transferred to tubes containing Ca 2+ (pCa 5 or as indicated in the Figures), GTP␥S (10 M final), MgATP (1 mM final) and MgCl 2 (2 mM final) and column fractions or proteins as indicated in a final volume of 100 l. After 10 min at 37°C, or as indicated in the figure legends, the samples were chilled, centrifuged at 4°C and 50 l supernatant assayed for secreted hexosaminidase. The remainder of the sample was processed for measurements of [ 3 H]choline by previously described methods [16, 17] .
Assay for PIP 2 synthesis in permeabilized HL60 cells
Restoration of PIP 2 synthesis was monitored in HL60 cells depleted of cytosolic proteins for 10 min with streptolysin O (0.4 i.u ml -1 ) in the presence of pCa 7. After permeabilization, the cells were washed and resuspended in PIPES buffer and 50 l aliquots transferred to tubes containing Ca 2+ (pCa 5), GTP␥S (10 M final), MgATP (1 mM final), MgCl 2 (2 mM final), 5 Ci ATP and ARF (750 g ml -1 ) or PITP (100g ml -1 ) in a final volume of 100 l. After 30 min at 37°C, the samples were quenched and the lipids extracted and analysed by TLC as described previously [21] . The TLC plates were exposed on a phosphorImager plate and the signal quantitated. The samples were analysed in triplicate and the results are expressed as means ± SD.
Purification of ARF and PITP from bovine brain
ARF was purified from bovine brain cytosol as described [17] . In brief, proteins were precipitated in a 40-60 % saturated ammonium sulphate solution, redissolved, dialysed and sequentially chromatographed on DE52, heparin sepharose and Superdex-75. The column fractions eluted from the Superdex-75 column were screened for reconstitution of PLD activity and secretion. The major proteins in column fractions 38-52 were ARF and PITP [24] . PITP activity (in vitro transfer activity) was assayed as described previously [24] . ARF and PITP were purified to homogeneity by subsequent chromatography on phenyl superose as described [17, 24] .
Production of recombinant ARF and PITP
Recombinant ARF1 was made as described previously [17] . Recombinant PITP␣ was cloned by polymerase chain reaction (PCR) from human liver carcinoma HepG2 cDNA library using primers 5′-AAAAGGATCC-CATATGGTGCTGCTCAAGGAGTAT-3′ and 5′-AAAAGTCGACGT-CATCTGCTGTCATTCCTTTC-3′. The PCR product was cloned into the BamHI-SalI restriction sites of the pBluescript vector and transformed into XL1-Blue cells (Stratagene). Positive clones were sequenced and compared with published rPITP␣ cDNA sequence [40] . Unmutated inserts were then subcloned into the expression vector pET21a to generate rPITP␣-hexahistidine fusion construct and transformed into BL21(DE3) cells (Novagen). Clones were screened for expression of functional proteins by reconstitution of GTP-dependent PLC signalling in HL60 cells permeabilized with streptolysin O [24] . rPITP␤ was cloned in a similar way to rPITP␣ using rat brain cDNA library as the template and primers 5′-AAAAGGATCCCCATGGTGCTGATTAAGGAATTCCG-3′ and 5′-AAAAGTCGACGGCATCAGCAGCCGACGTG-3′. Clones obtained were compared to published rPITP␤ sequence [27] . For protein overexpression, rPITP␤ was subcloned into expression vector pET21d. rPITP␣ and rPITP␤ were induced with isopropylthio-␤-galactoside (IPTG, 0.1 mM) for 4 h at room temperature and bacterial cells were collected by centrifugation. The pellet was resuspended in buffer containing 50 mM sodium phosphate and 300 mM NaCl (pH 8.0). 1 mg ml -1 lysozyme was then added and incubated at 4°C for 30 min. The sample was then sonicated 6 x 1 min on ice and centrifuged at 10 000g for 30 min at 4°C. The supernatant was mixed with Ni 2+ -NTA agarose resin (Qiagen) (4 ml of a 50 % NTA slurry) for 30 min at 4°C and then transferred to a prepared column. The column was washed with 12 bed volumes with buffer containing 50 mM sodium phosphate, 300 mM NaCl, 10 % glycerol at pH 6.0 (Wash Buffer) followed by 6 bed volumes of wash buffer
Figure 8
A model of the proposed role of ARF and PITP in stimulating exocytosis. ARF and PITP both function by stimulating PIP 2 synthesis. The function of PIP 2 in exocytosis is not known, but it could be involved in cytoskeletal reorganization or in recruitment of proteins with PH domains.
containing 525 mM NaCl and 6 bed volumes containing 525 mM NaCl and 25 mM Imidazole. Protein was then eluted with 1.5 bed volumes of wash buffer containing 525 mM NaCl and 250 mM imidazole. PITP was then exchanged into 20 mM PIPES, 137 mM NaCl, 3 mM KCl, pH 6.8 and loaded onto Superdex-75. Active fractions (assayed by in vitro PI transfer activity) were pooled and concentrated. Purity of the samples was assessed by SDS-PAGE; they were 99 % pure.
